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We report on the storage of Orbital Angular Momentum (OAM) of light via the phenomenon of Coherent 
Population Oscillation (CPO) in cold cesium atoms. The experiment is performed using a delayed four wave 
mixing configuration where the transverse optical information of a probe field carrying OAM associated 
with its azimuthal phase dependence is stored in the CPO of Zeeman sublevels of the hyperfine transition 
F = 3 ^ F' = 2 of cesium D 2 line. We also demonstrate experimentally the simultaneous storage and retrieval 
of different OAM states propagating along different directions in space, leading to algebric operations with 
OAM and therefore opening the possibility of multiplexing OAM states. © 2015 Optical Society of America 
OCIS codes: 270.1670, 190.4223, 020.1670 


An optical memory, i.e., the possibility of storing infor¬ 
mation carried by a light beam into an atomic medium 
for later on demand retrieval, is in the heart of any classi¬ 
cal or quantum protocol for processing and manipulating 
light information [1,2]. Many optical memories are based 
on the reversible transfer of coherence between light 
and matter achieved through different physical phenom¬ 
ena such as Electromagnetically Induced Transparency 
(EIT) [3,4], Gradient Echo Memories (GEM) [5,6], and 
Atomic Erequency Gomb (AEG) [7], which use long-lived 
ground-state coherence to store the optical information. 

Recently, a new type of optical memory based on the 
GPO phenomenon [ 8 - 10 ] has been suggested [ 11 ] and 
then demonstrated [12,13], using intense light fields. The 
probe absorption spectrum of a driven-two-level atomic 
system presents GPO resonances around the zero beat¬ 
ing frequency, which are associated with the dynamics 
of atomic level populations. Not based on ground-state 
coherence, as an EIT-based memory, the GPO memory 
uses the long relaxation time of the ground state of an 
open two-level system to store information carried by a 
light field. In the demonstrated GPO memory, the popu¬ 
lation oscillation occurs into two open two-level systems 
coupled by spontaneous emission, where each open two- 
level system is excited simultaneously by the different 
field polarization components. Unlike the EIT memory, 
the insensibility to magnetic field inhomogeneities makes 
the GPO-based memory ideal to store spatial informa¬ 
tion and finds new insights for storing and manipulating 
orbital angular momentum (OAM) of light. 

Light modes with topological charge, Laguerre-Gauss 
(LG) modes for example, have a spatial dependence 
through an azimuthal phase given by where f is 
an integer, usually called the topological charge. They 
carry a quantized OAM f?i per photon [14] and are us¬ 
able for information processing based on the multidi¬ 
mensional state space spanned by these modes [15]. Op¬ 


tical storage of OAM has been demonstrated previously, 
both in the classical [16,17] and in the quantum single¬ 
photon [18-20] regimes employing the EIT based memo¬ 
ries. Recently the storage and retrieval of photonic qubits 
carrying OAM was also demonstrated [ 21 ]. 

In this Letter we demonstrate the storage and retrieval 
of OAM of light using the GPO mechanism in an ensem¬ 
ble of cold cesium atoms. This result is the first demon¬ 
stration of storage and retrieval of the transverse spatial- 
phase structure of an optical field using this new type 
of memory. Moreover, we demonstrate the co-storage of 
two OAM states carried by two optical beams and the 
retrieval of the sum of the associated topological charges. 

The experiment has been performed in cold cesium 
atoms provided by a magneto-optical trap (MOT) in 
which two incident beams W, W’ write the informa¬ 
tion (storage) and another one R reads it (retrieval) 
according to the backward four-wave mixing (EWM) 
geometry shown in Eig. 1 (a). The retrieved informa¬ 
tion is delivered by the diffracted beam denoted by 
D. The optical memory uses the degenerate two-level 
system associated with the cesium hyperfine transition 
65 'i/ 2(E = 3) eA 6 P 3 / 2 (E' = 2), as shown in Eig. 1(b). 
To prepare the atoms in the lower hyperfine ground 
state F = 3, we switch off the MOT repumping beam 1 
ms before switching off the MOT trapping beams. The 
atomic cloud optical depth is of the order of 4. All the 
laser beams involved in the experiment are provided by 
two amplified extended-cavity diode lasers, and are time 
and frequency controlled using acousto-optics modula¬ 
tors (AOM) in double passage configuration.The MOT 
magnetic quadrupole field is also turned off during the 
storing and reading procedures. 

In a first experiment, we turn on simultaneously the 
writing W, W’ and the reading R beams. All the incident 
beams have approximately the same diameter of the or¬ 
der of 1.2 mm which is smaller than the trapped cloud 
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size 2 mm). The intensities of the beams W, W’ and 
R are respectively equal to 10 mWjcvr? ^ 15 mWjcm? 
and 5 mW/cw?. The writing beams W and W’ make 
a small angle of ^ ~ 2^ between them. The reading 
beam R counter-propagates W, so the diffracted con¬ 
jugate beam, D, counter-propagates W’, as imposed by 
phase matching condition. D is detected by a fast pho¬ 
todiode. A dc longitudinal magnetic field oi B 3.7 
G is applied along the direction of propagation of the 
beams, which defines the quantization axis and Zeeman 
shifts consecutive ground sublevels by ^ 1.3 MHz. To 
get the spectra shown in Fig. 1(c), the W laser is locked 
to the F = 3 ^ F' = 2 transition, while W’ and R 
are frequency-scanned through the frequency detuning S 
defined in Fig. 1(b). To satisfy the CPO configuration, 
W and W’ are set linearly polarized, with orthogonal 
polarization, denoted by lin T lin. The FWM spectrum 
(black line of Fig. 1(c)) exhibits a narrow CPO resonance 
at = 0 and two weaker and broader ones located at 
S ~ ±2.5 MHz corresponding to FIT resonances. In or¬ 
der to check and compare, the FWM spectrum under the 
same experimental conditions, but with orthogonal cir¬ 
cularly polarized writing beams has also been recorded. 
As shown by the red curve in Fig 1(c), which is ten-fold 
magnified, just one single peak is present around the two- 
photon Raman resonance (EIT) and no CPO resonance 
at (5 = 0 is observed in such case. The FWM reflectivity 
for the CPO and EIT peaks are of the order of 0.3% and 
0.01%, respectively. 

In a second experiment, we have checked the robust¬ 
ness of the CPO memory against magnetic field inho¬ 
mogeneities by performing a light storage measurement 
using the time sequence of Fig. 2 (a) where the R beam is 
switched on with a delay tg after the switching off of W, 
W’ beams and in presence of a magnetic field gradient. 
For that, we keep a reduced MOT quadrupole magnetic 
field in order to create a magnetic gradient of ~ 0.2 
Gjcm during the storage/retrieval sequence. To distin¬ 
guish CPO from EIT we use the polarization configura¬ 
tions and the dc longitudinal magnetic field at a detun¬ 
ing J = 0. For the CPO memory we use the lin ± lin 
configuration in the presence of the applied longitudi¬ 
nal dc magnetic field, while for the EIT memory the 
dc magnetic field is turned off and the polarizations of 
W, W’ beams are made orthogonal circularly polarized. 
The retrieved pulse is then observed for different storage 
times ts. The retrieved pulse amplitude as a function of 
the storage time tg is shown in Fig. 2 (b) for the CPO 
and EIT memories and gives a storage decay time, re¬ 
spectively, equal to 9.2 fis and 5.1 fis. In the inset in 
Fig.2 (b) we show a typical retrieved pulse for the CPO 
memory. The estimated storage efficiency (at tg ~ 1/is) 
for the CPO and EIT memories, evaluated by the ratio 
between the retrieved pulse peak intensity and the W’ 
intensity, are 1% and 2%, respectively. 

It is worth noticing that in the absence of the mag¬ 
netic field gradient the two memories present the same 
storage decay time. In any case, the storage decay time 
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Fig. 1. (Color online) (a): Experimental scheme for the 
observation of CPO/EIT FWM in cold cesium atoms, 
(b) Degenerate hyperfine two-level transition of cesium 
D 2 line involved in the interaction with W, W’ and R 
beams, (c) CPO/EIT FWM spectral responses recorded 
on the diffracted D beam. Black curve: FWM spectrum 
for orthogonal linear polarization of the writing beams; 
the peak at = 0 is associated with the CPO reso¬ 
nance, while the lateral ones are associated with EIT 
resonances. Red curve: FWM spectrum (xlO) for orthog¬ 
onal circular polarizations of the writing beams, exhibit¬ 
ing only one peak associated with EIT resonance. 

of the CPO memory is, however, much shorter than the 
expected decay time of 120 jus given by the transit time 
of the atoms through the A = 2 sin%/ 2 ) ^ 
tial structure created by W, W’ beams. We attribute 
this discrepancy to the existence of spurious transversal 
magnetic field components which can induce transitions 
between the Zeeman sublevels, therefore decreasing the 
effective ground state lifetime of the Zeeman sublevels. 

In a third experiment, the beams W, W’ have been 
phase-shaped into LG modes carrying 0AM with the 
respective topological charges £w an £w' ia order to an¬ 
alyze the CPO memory for 0AM beams (Fig. 3 (a)). So, 
W and W’ are frequency-locked on the F = 3 ^ F' = 2 
transition ((5 = 0) in a lin ± lin polarization configura¬ 
tion. The shaping uses the holographic method where an 
helical phase is imprinted on a Gaussian beam. The holo¬ 
gram is provided by a Spatial Light Modulators (SLM) 
as described in a previous paper [23] except that we use 
now two identical SLMs. The diameter of the LG ring has 
been adjusted to be slightly smaller than the MOT size. 
In order to check the topological charge of the W and W’ 
writing beams or to measure the charge of the retrieved 
D beam, we used the tilted lens method described in [22]. 
According to this method, the self-interference pattern 
of a LG beam with topological charge £, observed af¬ 
ter the astigmatic optics, exhibits |^| ± I bright fringes 
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Fig. 2. (Color online) (a) Time sequence for the writ¬ 
ing and reading beams, (b) Decay of the retrieved pulse 
amplitude for CPO (blue squares) and FIT (red circles) 
memories in the presence of a magnetic field gradient of 
^0.2 Gjcm. The solid lines correspond to the respec¬ 
tive gaussian fittings. The inset shows a typical retrieved 
pulse for the CPO memory. 


turned by an angle whose sign is the sign of The left 
column of Fig. 3 (b) shows the self-interference pattern 
for W’ with the charge iw' — —2 ,—l,0,+l,+2 . Accord¬ 
ing to FWM phase-matching, for iy/ = 0, the diffracted 
beam D acquires the topological charge iout = iw , that 
is illustrated by the right column of Fig. 3(b). 

In order to understand these patterns, we note that in 
the non saturating regime the third-order nonlinear term 
of the optical polarization, responsible for the generation 
of the retrieved field, propagating in opposite direction 
to the beam W’, has an amplitude given by: 

( 1 ) 

where, Si^ for i=W, W’, R are the amplitude of the in¬ 
cident fields, and the effective third-order suscep¬ 
tibility of the nonlinear medium. The phase matching 
implies both the wavevector conservation and the az¬ 
imuthal phase conservation. The writing beams W, W’ 
are LG modes with an azimuthal phase given by iw(l> 
and respectively and R is a gaussian mode. Thus, 

for the considered FWM geometry, the azimuthal phase 
of Sd is {iw — However, due to wavevector con¬ 

servation, the D beam counter-propagates W’ and thus 
its topological charge defined relatively to its propaga¬ 
tion direction is lout = ~ Fig. 3 (b) illustrates 

this conservation law. 

In Fig. 3 (c) we have examined the off-axis 0AM re¬ 
trieval of the CPO memory, by imposing Iw' = 0 and 
Iw = —2, —1, 0, +1, +2. We verify that lout = —Iw^ as 
it is expected for small 0AM values and small angles be- 
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Fig. 3. (Color online) (a): Experimental scheme for the 
writing and reading process with 0AM carrying writing 
beams, (b) and (c) Topological charges of the input writ¬ 
ing and retrieved beams recorded under CPO conditions 
{6 = 0) after a storage time of l/i5 for Iw' = 0,±1,±2 
and Iw = 0 and for Iw = 0,±1,±2, and Iw' = 0, re¬ 
spectively. At the left up corner of each image we indicate 
the detected topological charge, either for the input and 
for the output beams. 


tween W and W’ [23]. In both cases, on-axis and off-axis 
retrievals, we have observed that the CPO storage decay 
time does not depend on the 0AM values of the writing 
beam. It is well known that the fork pattern associated 
with beams of W and W’ present a small region, near 
the center of the LG beam, where the fringes spacing 
changes as ~ X/{l-\-l)0. With 1 = 2, the fringes spacing 
is reduced by a factor 3, reducing the transit time of the 
atom in this structure by the same factor, so changing 
the previous expected time to 40/i<s. This value still rests 
long compared to the observed CPO storage time. Larger 
0AM values could, however, affect the storage time. 

In another series of measurements we have also per¬ 
formed more complex operations by putting 0AM in 
both writing beams. The results are shown in Fig. 4 for 
a subset of values of the topological charge, and clearly 
demonstrates that one can store two 0AM values us¬ 
ing the CPO-based memory and then retrieve the sum 
of them. So, for example, starting from OAMs values 
lw=-‘^ and lw'=‘^ we have generated The diag¬ 

onal of Fig. 4 illustrate the case of Iw = Iw ', retrieving a 
FWM output ^owt=0. The non perfect reconstruction of 
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Fig. 4. (Color online) Retrieved topological charge for 
different combinations of non null values of The 

value of the measured topological charge, lout is indi¬ 
cated at the left up corner of each frame. 


the topological charge, specifically for the lout = 0 case, 
come from the zero field value at the LG center induc¬ 
ing no FWM at this region. These results, however, are 
consistent with the conservation law of 0AM within the 
field modes in this delayed FWM process where photons 
are absorbed from the W and R modes and emitted into 
the W’ and D modes. 

In conclusion, we have demonstrated the storage and 
retrieval of 0AM of light through a CPO based memory 
in cold cesium atoms. A time delayed FWM configura¬ 
tion was employed and the retrieved 0AM was shown 
to be governed by the conservation law of 0AM into the 
incident field modes. We have demonstrated that this 
memory can be used to perform logical operations in¬ 
volving the stored information encoded in 0AM. Our 
results can be used, for example, to implement a CNOT 
gate, [24], with memory, using the CPO mechanism. Fi¬ 
nally, one may think to extend the CPO memory to 
the single-photon level, where the single-photon infor¬ 
mation is transferred to the external degree of freedom 
of an atom (momentum) and indistinguishably distrib¬ 
uted among all the atoms in the ensemble. 
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